Abstract Glaciers in the Cordillera Blanca, Peru, are undergoing rapid retreat, in large part due to climate change. These changes are significantly altering water availability in the region and pose critical risks to local populations that are highly dependent on these resources for livelihoods. We examine these issues through an interdisciplinary and linked evaluation of hydrological change and livelihood vulnerability in the Yanamarey watershed. Physical observations of the Yanamarey glacier show acceleration in frontal retreat at a rate of 8 m decade −1 since 1970, accompanied by total volume loss on the order of 0.022 km 3 . Hydrological and hydrochemical analyses document a possible transformation of stream flow over the past decade as the seasonal storage capacity of the glacier has degraded. Recent stream discharge measurements from the proglacial lake below the glacier are more coincident with the highly variable seasonal precipitation than they were during the 1998-1999 hydrological year. Local household perceptions of glacier recession and seasonal hydrological variability agree with this trend, which is increasing human vulnerability in the watershed. Household case-study survey results demonstrate that shifting water resources, increasing weather extremes and climate-related threats to tourism are all new vectors of vulnerability for household livelihoods.
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Introduction
Climate change is significantly affecting high elevation mountain areas across the planet and is occurring much faster than was previously predicted (Bradley et al. 2009; Dyurgerov 2003; IARU 2009; IPCC 2007a; Nogues-Bravo et al. 2007; Stewart 2009; Thompson et al. 2009; Viviroli et al. 2007; WMO 2009 ). Globally, a significant percentage of humanity is dependent upon the ecological services and water resources that mountain glaciers provide to downstream populations and their rapid recession has widespread implications for future water availability, agricultural production and human vulnerability (Alcamo et al. 2007; Barnett et al. 2005; Barry and Seimon 2000; Fagre et al. 2003; IPCC 2007a; Kundzewicz et al. 2008; Milner et al. 2009; Morton 2007; Orlove 2009; Rosenzweig et al. 2004 ; Thompson et al. 2006; Viviroli et al. 2007; Xu et al. 2009 ). Mountains often support complex and deeply interdependent natural and social systems that are extraordinarily sensitive to environmental and social change and provide compelling examples of the rapidly advancing impacts of global warming as they are harbingers of the possible global environmental and social consequences of climate change.
The tropical Peruvian Andes are situated at the confluence of these natural and social changes related to climate change. Between 1970 and 1997 , glacial coverage across the country declined by 22% and average temperatures have increased significantly since 1939 (CONAM 2001; Georges 2004; Kaser and Osmaston 2002; Vuille and Bradley 2000; Vuille et al. 2008b) . Because over 80% of freshwater available for downstream populations and ecosystems of the semi-arid tropics and subtropics originates in mountains, the recession of glaciers in these areas is particularly significant for the social and ecological systems that depend on these vital components of the hydrological regime (Messerli 2001) . In Peru, 70% of the country's 28 million people live along the Pacific Coast, yet only have access to 1.8% of the total water resources in the country (CONAM 2001) . These water resources are seasonally variable as well and during the dry season glacial melt water from mountain catchments provides a vital buffer for the extremely arid desert coastal lowlands (Vuille et al. 2008a ). This unique hydraulic interdependence across the Andean escarpment is why Peru is considered to be one of the most vulnerable locations to water stress and climate change related problems in the world and why it will be strongly impacted by the accelerating glacier recession that has been taking place in the high Andean watersheds over the past several decades (Brooks and Adger 2003; Carey 2010; Magrin et al. 2007; Mark 2006; Mark et al. 2010; Painter 2007; Vergara 2009 ).
This paper presents the findings from research examining the combined relationships between glacier recession, hydrologic change and human vulnerability in the Cordillera Blanca, Peru, the most extensively glacierized mountain range in the tropics. We examine these dynamics in one area of the mountain range, the Yanamarey watershed. The linked hypotheses guiding the research are that climate change is accelerating glacier recession in the watershed, hydrological variability is being altered, and that the vulnerability of local household livelihoods is increasing due to new vectors of natural and social change. The paper is structured to systematically examine these relationships and begins with an overview of recent climate change in the Cordillera Blanca and the natural and social context of the region. The next section presents an analysis of multi-decadal measurements of the recession of the Yanamarey glacier and the seasonal to interannual impact of this recession on stream flows in the watershed. The paper then integrates these findings into current vulnerability research efforts and subsequently turns to a short discussion of the human case-study context and research methods utilized in the study. Finally, the paper presents an evaluation of increasing vectors of human vulnerability in the region, which is organized around shifting household access to water resources, the social and natural impacts of increasing weather extremes in the region and the consequences of recent climate-related threats to tourism on household livelihoods. The paper concludes with a synthetic discussion of the research findings.
Glacier recession in the Cordillera Blanca, Peru
The Cordillera Blanca, Peru, contains the largest concentration of tropical glaciers in the world (Fig. 1 ). In the early 1970's, 722 glaciers covered more than 723 km 2 of the range and accounted for 35% of Peru's total glacierized area and 40% of the country's glacial reserves by volume. Nearly 70% (506 km 2 ) of these glaciers form the crest of the Pacific watershed, which includes the country's highest sum- Fig. 1 The Peruvian Cordillera Blanca, the Yanamarey watershed and recession of the Yanamarey glacier mit (Huascaran 6,768 m.a.s.l.), glacial lakes, perennial and intermittent streams, and springs that flow into the Rio Santa valley and eventually the Pacific Ocean (Ames et al. 1989) . The climate of the region varies significantly across the steep altitudinal gradients of the Central Andes and the humid highlands are relatively moist compared to the extremely arid desert coastal lowlands. Average precipitation rates in the upper Rio Santa basin, where the Yanamarey case-study is located, range from between 800 and 1,200 mm year −1 and greater than 80% of precipitation falls between October and May. Monthly average stream discharge is higher during these months, which reflects the seasonal variability of precipitation typical in the outer tropics (Mark and Seltzer 2003) . Average annual temperatures range from 0
• C to 9
• C with an annual range that is much smaller than the diurnal variation (Kaser et al. 1990) .
Glaciers in the Cordillera Blanca have been rapidly receding over the past several decades. Recent studies indicate that glacier coverage has declined by more than 25% since 1970, average temperature has increased 0.35-0.39
• C/decade between 1951 and 1999 and that these changes are accelerating in a nonlinear fashion (Bradley et al. 2009; Mark 2002; Mark and Seltzer 2005; Racoviteanu et al. 2008; Urrutia and Vuille 2009; Vuille et al. 2008b) . Glacial melt water is critical to the diverse ecosystems of the region and supports unique landscape mosaics that are the result of millennia of complex biophysical, ecological and human interaction (Young 2009 ). At least ten biological life zones have been identified in the region, which include subtropical and tropical zones, and puna, or high alpine tundra (Pulgar Vidal 1981) . The high watersheds support grassland ecosystems and fragmented concentrations of trees and shrubs along watercourses and the edges of the highest valleys. More than 50 groundcover and 18 tree and shrub species have been identified in the region (including four Polylepis species and the rare Puya raimondii) as well as more than 70 different animal species (CCC 2006) .
The retreating glaciers of the Cordillera Blanca have supported the activities of Andean societies for millennia (Pearsall 2008; Pozorski and Pozorski 2008) . Currently, the 267,000 human inhabitants of the upper Rio Santa, which is often referred as the Callejón de Huaylas, are distributed across hundreds of small rural settlements and more than half of the population is concentrated in major urban and peri-urban clusters along the Rio Santa, including the cities of Caraz (13,000), Yungay (8,000), Carhuaz (7,200), Recuay (2,700), Catac (2,400), and in the city of Huaraz (96,000), which is the largest urban center in the region and the capital of the Department of Ancash (INEI 2007; Mark et al. 2010) .
Historically, glaciers in the Cordillera Blanca have provided continual melt water to sustain river discharge through droughts and the dry-season . Inhabitants of the region have become increasingly dependent on this perennial availability of water resources for human consumption and a host of economic activities, including natural resource based livelihood activities that principally revolve around livestock and seasonal agriculture as well as agroforestry, tourism services, dairy production and artisanal crafts. Recent economic and social change has further intensified this reliance on water resources. While nearly 50% of the population of the region lives in conditions of extreme poverty and most small-scale livelihood activities are directed towards basic survival, since the late 1990's large-scale agricultural production activities have been shifting towards water intensive, irrigated, high-value crop production in the Callejón de Huaylas and along the arid costal shelf in new agro-export zones such as Chavimochic (INEI 2007; Painter 2007) . A number of Peruvian and transnational mining companies have also begun operations in the region as well, which now account for approximately 40% of all economic production in the region (BCRP 2009; Bebbington and Bury 2009; Bury 2005) . Finally, the watershed is a critical source of water for several hydroelectric power plants that currently account for approximately 10% of the country's hydroelectric capacity (MEM 2008) .
These recent social and economic shifts have placed significant new pressures on water resources in the region, while at the same time that glacial recession rates have been increasing. Recent research suggests that once glacial replenishment begins to disappear, glacial fed rivers and streams will have smaller dry season flows and display increasing variability (Francou and Coudrain 2005; Juen et al. 2007 ). The combined nature of these changes could lead to even further water stress throughout the region, which would have significant social and economic consequences.
Observations of physical change: quantifying Yanamarey glacier recession and hydrologic impact
The Yanamarey glacier and Querococha watershed (See Fig. 1 ) comprise one of the most studied sites of glacier hydrology in the Peruvian Cordillera Blanca. Regular observations of glacial extent and climate variables associated with hydropower production by the Huaraz-based Peruvian Office of Glaciology and Lake Security date back to the 1970s (Carey 2005) . While observations prior to this period are rare or discontinuous for the region, compilations of historical glacier maps and photographs quantify glacier mass balance changes over time (Ames et al. 1989; Georges 2004; Kaser et al. 1990; Kinzl 1942; Kinzl et al. 1964; Morales Arnao and Hastenrath 1998) . A program of routine surveying was established in 1968, and four target glaciers, including Yanamarey, were selected to monitor the magnitude of changes to these frozen reservoirs, providing a particularly important geographic database (Ames 1998; Francou et al. 1995) . The Yanamarey glacier was visited annually in May and September, at the end of the wet and dry seasons respectively, beginning in 1998. A network of mass balance stakes were maintained, mostly in the lower ablation zone of the glacier. The amount of stake exposed was measured during the biannual visits, and these data were combined with snow pit measurements of accumulation, which allowed a net mass balance to be generalized for the entire glacier. Topographic maps of the glacier surface were made from terrestrial surveys in 1973 , 1982 , 1988 , and 1995 , and by aerial photogrammetry for 1948 and 1962 . Between 1981 and 1995 totalizing rain gauges recorded precipitation, and temperature and relative humidity were measured with a wind-up analogue thermograph located next to the leftlateral terminus. About 8 km downstream from the Yanamarey glacier, a weather station and stage (stream height) recording discharge station were installed in 1965 at the effluent of Querococha, the second largest lake in the Cordillera Blanca. The mechanical float and recording drum instrumentation to record stage proved surprisingly robust, and regular measurements of discharge (i.e., the volume of water flowing per unit time) provided a rating curve that was updated and maintained until the Office of Glaciology and Lake Security was closed in the late 1990's, when Electro Peru privatized the hydroelectric production at Cañon del Pato and closed the Huaraz office of glacier-hydrology operations. A review of discharge and climate at Querococha provided an insight into the nature of ENSO impact on the glaciers (Francou et al. 1995) .
1 Monthly observations for a complete hydrological year were made by B. Mark between 1998 and 1999, and were used to estimate the hydrological balance at the Yanamarey glacier lake outlet and relative contribution of glacier melt to Querococha (Mark and Seltzer 2003) . Subsequent observations of glacier recession and glacier lake discharge have been maintained by a renewed Office of Glaciology and Water Resources (UGRH) under INRENA, which is now located within the new National Water Authority (ANA). New instrumentation includes continuous data logging of climate variables and discharge from the proglacial lake at YAN (Fig. 1) .
Yanamarey glacier recession and climate sensitivity
The terminus of the Yanamarey glacier has receded over 800 m since the earliest photogrammetry position of 1948, and it is continuing to recede rapidly ( Fig. 1,  inset ). While the terminus had some small advances and the annual rate of recession is variable, the late-twentieth century featured dramatic overall glacier recession, consistent with other tropical glaciers (Kaser 1999) and pervasive wastage of glaciers globally (Dyurgerov 2003) . After 1970, decadal-average recession rates define a highly significant ( p < 0.005) acceleration of 8 m decade −2 . The rate averaged over the last 6 years is greater than 30 m year −1 (See Fig. 1 ). Such strong and persistent recession is consistent with glaciers throughout the Cordillera Blanca that have been receding since the end of the Little Ice Age (Georges 2004 ). Accelerated recession rates have also been observed in other Andean locations, which imply a high degree of glacier sensitivity to interannual climate variability (Brecher and Thompson 1993; Casassa et al. 1998; Juen et al. 2007; Thompson 2000) . However, deciphering the impact of glacier changes on water resources requires accounting for melt water volume fluctuations measured directly or captured by the basin hydrologic balance (Kaser et al. 2003; Mark 2006) .
The relatively extensive history of observations on the Yanamarey glacier permitted a quantitative assessment of mass-loss rates (Hastenrath and Ames 1995a) , and formed the basis for sensitivity studies of the climatic forcing and hydrologic impact (Hastenrath and Ames 1995b) . The semi-regular glacier mass balance and surface velocity measurements from surveys of the stake displacement allowed for a mass flux to be computed. A combination of increased humidity, cloudiness, and increased temperature were determined to be the factors forcing the twentieth century mass loss. These climatic trends would be consistent with anthropogenically forced global warming. Projecting from the computed average mass-loss rate, the receding glacier was predicted to disappear within 50 years. Moreover, when all other mass fluxes in and out of the glacier watershed were accounted for, the authors concluded that half of proglacial lake discharge (YAN in Fig. 1 ) had to come from net glacier melt. However, seasonal differences in the glacier melt supply were not computed, and these differences are important to understand given the large contrast between wet and dry season precipitation supply.
Seasonal glacier melt water contribution to stream flow
Tracing the inter-seasonal variations in glacier melt water contribution, not only at the glacier outlet, but downstream where human society utilizes stream flow, requires various hydrologic methods. These include detailed field observations, stream gauging, and hydrochemical modeling over successively larger watershed scales. Starting at the upper, first-order glacier watershed defined by YAN, monthly measurements of discharge, precipitation and hydrochemistry over the 1998-1999 hydrological year (measured between 1 July and 30 June) allowed for the seasonal melt contribution to stream discharge to be calculated by Mark and Seltzer (2003) . Incorporating a two-component mixing model based on the chemical properties of water from different sources (i.e. glacier melt and precipitation runoff), the total annual contribution of glacier melt to YAN was computed to be on the same order of magnitude as the previous estimation from decadal observations (45 ± 5%). However, during the dry season months, glacier mass loss accounted for up to 100% of stream flow.
Further downstream, the glacier-fed stream (Q2) from YAN and the neighboring glacier valley reaches a confluence with a stream from a non-glacierized watershed (Q1) at Querococha, providing a site to estimate end-member mixing at a larger spatial scale. Monthly measurements of hydrochemistry at each inflow and the combined effluent from Querococha (Q3) (Fig. 1) were averaged over the entire hydrological year. This yielded a chemical mixing estimation that 35% of Q3 discharge originated from Q2 . Proportionately, this meant 10-20% of annual Q3 was comprised of glacier melt. Since the Q3 watershed has the same magnitude of glacierized area (∼10%) as the entire Callejón de Huaylas watershed capturing the Rio Santa drainage of the Cordillera Blanca, it suggests that this same estimate of relative glacier melt contribution might apply to this larger spatial scale.
More recently, estimates of relative hydrologic end-member contributions have been improved using a three component hydrochemical mixing model to show seasonal differences (Baraer et al. 2008) . Results for the year 1998-1999 at Q3 suggest that glacier melt water represented 25% of the annual outflow while the remainder was comprised of both short residence time sources (mainly surface runoff) and longer residence time sources (mainly groundwater), respectively contributing 60% and 15% of the annual Q3 discharge. When this model analysis is applied only to the 1998 dry season (June, July and August), the relative contributions of end members describe another hydrological situation whereby glacial melt water comprises 50%, longer flows 47% and the shorter flows only 3% of the Q3 discharge.
Although subsequent monthly sampling of hydrochemistry has not been carried out, the low flow hydrochemistry has been measured annually at different sampling points along the basin since 2004, giving some insight into the inter-annual variability of low flow end-member mixing. The refined mixing model suggests that between 2004 and 2008, annual glacier melt water contribution downstream is variable, and that groundwater contributions predominate (Baraer et al. 2009 ). For example, at the Q2 sample site, glacier melt reached a maximum relative contribution of 54% in 2005 and a minimum of 24% in 2008. The average Q2 discharge was approximately 35% glacier melt, implying that groundwater contributes over half of the dry-season discharge.
Interannual changes in hydrology and climate
While measurements of discharge and precipitation have not been maintained continuously, the available monthly observations collected in the Yanamarey glacier catchment provide an opportunity to compare decade-scale changes in the seasonal glacier hydrology since the measured hydrological balance year (1998) (1999) . During this year, monthly measurements of inputs (total precipitation) and outflows (discrete monthly discharge from YAN) permitted a simplified hydrologic mass budget to describe glacier storage changes. Because monthly measurements of precipitation exist for the prior decade (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) , the relationship between the seasonal hydrograph of monthly discharge can be related to precipitation. Likewise, availability of monthly precipitation and continuous discharge data beginning with the 2001 installation of automated discharge and precipitation recording devices at YAN give another period of model comparison (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) .
The budget model assumes that the total volume of water discharging from the catchment is equal to the volume of water entering the catchment plus a change in storage. This model can be expressed to isolate the glacial melt water contribution to stream discharge as the change in the glacial storage term ( storage):
It is assumed that the primary outflow consists of the total discharge leaving the proglacial lake at YAN, from the stage recorder, whereas the only input is precipitation into the watershed. Precipitation was measured from a totalizing gauge located at the southern glacier margin (4,764 m.a.s.l.) during monthly visits to the site when the stream stage recording data were also retrieved. A uniform distribution of precipitation falling over the 1.35 km 2 Yanamarey catchment is assumed. As shown in Fig. 2 the mass balance is no longer positive, even during the height of the wet season of 1998-1999. Discharge has increased, and has become more coincident with maximum precipitation. Furthermore, when the water balance terms are taken as annual totals (Fig. 3) , the rising trend of total annual discharge shows a highly significant ( p = 0.001) anti-correlation with annual loss of glacier storage, while there is no trend in total annual precipitation. Average storage changes in 1998-1999 indicated that glacier melt from Yanamarey contributed 35 ± 10% of the annual discharge. The error estimate accounts for precipitation and runoff uncertainty (Mark and Seltzer 2003) . Over the more recent interval, the total loss of glacier storage has not shown uniform change, but varied both in absolute magnitude and relative percentage of discharge. The average relative melt contribution estimate is 59 ± 10% of YAN discharge over the last 7 years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , with the maximum relative contribution (67%) occurring during the lowest absolute flow (2005) .
Despite inherent sampling limitations, our physical measurements of changes to the Yanamarey glacier and downstream hydrology represent a relatively unprecedented quantification of tropical glacier-hydrologic transformations over time. Our extensive Yanamarey data set features discrete periods of monthly observations to explore changes in seasonality. Comparisons of area-normalized precipitation [2003] [2004] [2005] [2006] [2007] [2008] , total discharge is enhanced, with maximum precipitation coincident with maximum discharge in January. Without additional data before 1998, it is difficult to determine if the 1998-1999 data are anomalous. However, because the monthly 1998-1999 precipitation was not distinct from the 1981-1991 decadal average, is appears more likely that a change in mass balance seasonality explains the shift in discharge seasonality. The constantly negative mass balance of the glacier could have both increased discharge and also made the contrast between dry and wet season discharge higher in more recent time.
Over the 2003-2008 interval, the Yanamarey glacier has lost considerable mass, and the rate of loss continues to accelerate. The hydrological balance results suggest that the Yanamarey glacier could have lost 22.5 million cubic meters of ice over this time, resulting in shifts in seasonal hydrology.
Bridging traditions: evolving approaches to vulnerability science
The changes taking place in the Yanamarey watershed illustrate how, in part, anthropogenically-induced global climatic change is fundamentally transforming the biosphere. Human vulnerability to these changes has become an important focus for an array of researchers and institutions concerned with environment-society relations, global change dynamics, and sustainability science (Adger 2006; IPCC 2007b; Turner et al. 2003) . Vulnerability, as defined by the Intergovernmental Panel on Climate Change (IPCC 2007b), refers to the "degree to which a system is susceptible to, and unable to cope with, adverse effects of climate change" (p. 15). Much recent work on vulnerability focuses on the exposure, sensitivity and resilience of human systems to various forms of climate-related risk and argues that the strengthening of adaptive capacity and livelihood security must be a central concern of development efforts (UNDP 2007; USAID 2007; Vergara 2009; WorldBank 2008) . Vulnerability research has conceptual roots in risk and natural hazards studies focused on the prediction and monitoring of specific and uncertain biophysical threats, the identification of thresholds of harm, and the engineering of responses to impacts (Burton et al. 1978; White 1973) . Theoretical approaches from political economy and political ecology have also contributed significantly to the development of vulnerability research by emphasizing the importance of underlying socioeconomic, cultural and institutional factors that produce varying levels of resource access and risk exposure among distinct groups as well as differential abilities to respond to the impacts of hazards (Bohle et al. 1994; Hewitt 1983; Peet and Watts 2004) .
Studies integrating important elements of both the natural hazards and political economic frameworks have become increasingly common as vulnerability research has evolved to address growing concerns about how natural disasters and climaterelated risks intersect with other global change processes. These hybrid approaches include the pressure-and-release model, which describes disasters as the product of natural events occurring in specific social, political, and economic environments that generate differential levels of vulnerability (Blaikie 1994; Wisner et al. 2004) , the analysis of cases of "double exposure" in which human systems are subject to impacts and events linked to climate change as well as to the transformative forces of globalization (Leichenko and O'Brien 2008) , and as vulnerability to multiple exposures, or combinations of biophysical, political, economic and institutional conditions (Eakin 2006; Eakin and Wehbe 2009; Liverman 1990 ). This increasing attention to interacting causal factors highlights vulnerability's multi-faceted and dynamic nature as well as the need for detailed analyses of specific social-ecological systems and their linkages to global change processes across scales (Clark et al. 2000; Cutter 2003 ).
Vulnerability research has emerged across a range of disciplines including global change and sustainability science, geography, development studies and disaster management. Each of these disciplines has developed its own conceptual models and methodological approaches, which has frequently resulted in confusion and disagreement over key concepts and definitions and has created challenges for researchers seeking to generate conclusions from the findings of these studies (Adger 2006; Cutter 1996) . Recent research bridges these disciplinary divides through clarifications of frequently used terms and expanded conceptual frameworks (Füssel 2007; Polsky et al. 2007; Thomalla et al. 2006) , and focuses on the critical importance of interdisciplinary perspectives, diverse methodological approaches, and attention to specific contexts and outcomes in addressing the complexity of vulnerability (Eakin and Luers 2006; Turner et al. 2003; Turner and Robbins 2008) .
This article builds upon these emerging trends in vulnerability studies through intensive interdisciplinary engagement utilizing methods and theoretical approaches from glaciology, hydrology, geochemistry, geographic information science, sustainability science and environment-society and development studies. Our analysis of human vulnerability to climate change and hydrologic variability in the central Peruvian Andes integrates analyses of biophysical changes with an in-depth, multiscalar investigation of the underlying socioeconomic, political and institutional conditions that contribute to significantly varying degrees of risk exposure in different segments of the population. Specifically, we evaluate the ways in which shifting hydrologic regimes in the region are enhancing the vulnerability of local populations by focusing on household access to resources and livelihood production. Our selection of water resources as the key nexus for the biophysical and social components of the research reflects both the magnitude of changes taking place in these resources in the Andes as well their critical importance to a variety of local livelihood production strategies.
Our analysis also contributes to research focused on the influence that climate change has had on the historical development of the region as well as on the emergence of new political and economic conflicts over access to and governance of natural resources. Research focusing on these issues highlights the historical role of changing climate patterns for the region (Dillehay and Kolata 2004) as well as the potential for climate change to exacerbate conflicts over water resources at the regional scale (Barry and Seimon 2000; Bradley et al. 2006; Orlove et al. 2008 ), in Ecuador (Rhoades et al. 2006 and for large urban centers (Francou et al. 1995; Painter 2007) . In the Cordillera Blanca, Young and Lipton (2006) provide an overview of the impacts of climate change on glaciers, livelihoods, and governance and recent studies focus more specifically on the history of glacier-related hazards (Carey 2010; Hegglin and Huggel 2008) .
Overall, we seek to bridge current vulnerability research efforts by focusing on the linkages between biophysical and social change in a single watershed in the Cordillera Blanca in order to evaluate their impacts on the livelihood security of local residents. Our grounded and detailed analysis of the effects of glacial recession and climatic variability on local household livelihoods provides for the generation of a broad set of empirical data that illustrates how household vulnerability to shifting natural resources is distributed across the spatial and sociocultural landscape of the study area. In addition, we emphasize the speed at which human vulnerability is being affected in the region and the potential consequences of glacier recession and climate change for the livelihood activities that households currently pursue.
Case study community context and methods
The inhabitants of the Yanamarey region are concentrated in the town of Catac and several dozen small household clusters distributed along the high mountain watersheds. In 1965 the town of Catac was recognized as a municipality under Peruvian law, but the lands surrounding the town and many of its 2,200 inhabitants belong to one of Peru's 5,818 peasant communities, the Campesino Community of Catac (INEI 2006) . Campesino Communities have been granted special status under Peruvian law as native descendents of Peru and they often engage in communal natural resource management activities and are afforded unique rights of selfgovernance (CEPES 1996; Del Castillo 2005) . These organizations currently control nearly 39% of the land in Peru, most of which is located in the rural high mountain areas of the country (PETT 2002) .
While Catac is just one of 345 Campesino Communities in the Department of Ancash, it is one of the most organized and has some of the largest landholdings as it controls approximately 66,000 ha of land in 18 high valleys of the Santa River basin. The community traces its historical roots to two Incan settlements (ayllus), but it has only been formally recognized by the Peruvian state for less than a century. In 1941 community leaders secured recognition as an independent community and in 1963 they reclaimed lands seized by hacienda owners under the land reform of President Belaunde.
2 In 1975 the Peruvian government created Huascaran National Park, which was superimposed on 62% of the community's territories and accounts for 12% of the total area of the park (CCC 2006) . While the community still has access to lands in the park for grazing and other uses (which are often limited by park management protocols) based on historical precedent, the designation of community lands as part of the National Park has been a source of constant conflict between the community's approximately 1,000 members, park representatives and the national government. Disputes over access to and management of natural resources, territorial development, conservation and tourism have all been persistent focal points around which political and economic relations have converged. Fig. 6 Location of the Catac case study area and household sample distribution livelihood practices and to assess the vectors through which vulnerability might be increasing.
The research design for the project is based on a purposive case-study of the Yanamarey catchment. Yanamarey is one case-study example from a multi-year comparative research project that is designed to assess how social and environmental dynamics are changing across a range of watersheds with different glacierized percentages. This methodological framework is intended to provide for a maximum distribution of observable natural and social impacts related to recent glacier recession in the region (King et al. 1994 ). The Yanamarey watershed was selected in order to investigate the nature of impacts taking place in a catchment with little glacial cover remaining and in order to illustrate the temporal character of these changes in a comparative fashion across all of the case study watersheds. We refer to this as a "space for time swap" selection strategy (Mark et al. 2010) .
In 2007 we conducted a preliminary set of key interviews and household surveys to evaluate human perceptions of ecological change in the region and the impacts of recent glacier recession on resources that households depend upon for livelihood production. We then designed a sampling method to limit potential selection biases and in 2008 we conducted a more extensive set of key interviews and semi-structured household surveys utilizing a stratified random sample drawn from the city of Catac and 12 small neighboring settlements (See Fig. 6 ). 4 The surveys were then field tested and questions were carefully worded to avoid respondent prompting 4 The spatially-based random household sampling strategy utilizes a GIS polygon-based technique. The polygon encompasses all of the land in the Yanamaray basin and the sample was stratified to accommodate the uneven distribution of urban and rural households along the vertical axis of the watershed. biases. The survey contained 46 questions to evaluate household access to and use of resources and to assess how recent environmental change might be affecting household livelihood activities. The survey questions included 32 structured and 18 open-ended questions grouped in sections that include environmental change, land resources, agricultural activities, personal data and social resources. All open-ended questions were transcribed and entered into a qualitative database for analysis and the structured questions were coded across 234 variables for a total of 9,360 possible data points. Table 1 presents a summary of the demographic characteristics of our case-study sample population and a brief descriptive analysis of household access to and utilization of water and land resources, which will be discussed further in the subsequent sections.
Livelihoods and new vectors of vulnerability
Households in the Catac region have historically been dependent upon access to natural resources, ecosystem services and environmental conditions such as glacialfed streams and rivers, precipitation, regular season shifts between wet and dry seasons, moderate temperature variation, endemic vegetative species and soil systems to produce their livelihoods. Through access to these resources, households have predominantly pursued a mix of agricultural and pastoral activities, which are often vertically dispersed across altitudinal zones, spatially concentrated around access to water resources and embedded within complex networks of communal and private land management practices. However, because most of the communal lands of Catac are located at elevations above 4,000 m, grasslands dominate the landscape as most food crops are difficult to cultivate. Consequently, while many households engage in agricultural activities, livestock production is the most important livelihood pursuit for the majority of households. Cattle and sheep are the most important livestock for households and the Campesino Community has pursued cattle improvement strategies with some success as it has won many awards in regional livestock competitions. Households also engage in several other types of livelihood activities, which often depend on access to extra-communal political, economic and social networks in addition to natural resources. Table 2 summarizes the most prevalent livelihood activities in the case-study communities. Though households pursue a variety of strategies in their livelihood activities, the cumulative results of their efforts are frequently insufficient to meet even basic household needs. Catac has some of the highest levels of household poverty in the region due to the scarcity of agriculturally productive soils and poor climatic conditions linked to the high elevation of the region. Consequently, the livelihood activities that many households pursue are primarily directed towards survival and auto-consumption. This is a critical factor for any attempt to evaluate new vectors of vulnerability as households are already very marginalized which significantly weakens their resilience and ability to adapt to rapid shifts in the natural resources upon which they depend for their livelihoods.
Emerging human vulnerabilities
The hydrology research presented in the previous section demonstrates through an instrument-based analysis that glacial recession in the Cordillera Blanca has increased rapidly in the latter half of the twentieth Century and that it is currently affecting the composition of water resources and seasonal glacial discharge rates. We conducted a complementary social evaluation of the ways in which the people of the Yanamarey watershed perceive these changes through their daily experiences and during the recent past. Household perceptions of glacier recession in the region are very strongly correlated with our instrument-based findings. Case-study respondents indicated unanimously that significant glacier recession has taken place in the region. . Several older respondents, who recall changes from the past 50 years, stated that glacier recession in the region began early in their lives. These accounts by older respondents are particularly salient as they cover a period of time before any instrumentation or satellites were in place and are thus the only observational record we are likely to establish. For example, one 50 year-old male respondent stated "when I was nine years old the quantity of ice was 100% today the snow has receded considerably, uncovering rocks where ice existed before" (YS39 2008, Household interview, Yanamaray. 5 August 2008). In addition households also indicated that the rate of glacier recession in the watershed has increased substantially in the past few years. One respondent indicated, for example, "when it gets warm it [the snow] now disappears twice as fast" (YS27 2008 , Household interview, Yanamaray. 5 August 2008 .
That households are able to discuss these changes in great detail and over relatively long temporal scales of time is not surprising given the importance of glaciers in their lives. Household respondents confirmed that glaciers occupy a unique and important nexus of social and cultural meaning in the Andes and therefore their activities are closely monitored by people living beneath their expanses, similar to the findings of other recent research (Bolin 2001; Cruikshank 2005; Orlove et al. 2008 ). In addition, because glaciers dominate the most precipitous terrain in the region, ablation events are often very loud and the sound of falling ice, rocks or snow reverberates long distances through the high glaciated canyons. While glaciers in the Yanamarey watershed are not directly threatening to local human populations, the Cordillera Blanca's history of devastating natural disasters linked to glacial recession has clearly had an important psychological impact on residents throughout the region. Sudden rock and ice avalanches or many other types of hazards pose great risks to a large percentage of the human population of the region and over the course of the past half century these events have had disastrous impacts on human populations.
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Overall, household perceptions of glacial shifts in the region strongly confirm that current rates of glacier recession have been increasing. Interviewees also indicated that the rapid disappearance of many glaciers is deeply worrying. As one 55 year old male interviewee stated, the cascading set of problems facing the region are "total deglaciation, irreversible warming, [and] negative changes for humanity" (YS23 2008, Household interview, Yanamaray. 5 August 2008). Overall, 91% of respondents indicated that they are deeply preoccupied by recent climate change taking place in the region. 6 Interviewees stated that they were very concerned about the impacts of climate change on family and livestock health (44%), agricultural productivity (42%), water availability (25%) and fish stocks (8%). 7 Respondents also indicated that many of these factors are already negatively affecting their lives. For example, more than 94% of interviewees from households engaged in agriculture, livestock production or tourism activities indicated that they have noted significant changes in their activities due to recent climate change.
8 These include shifts in water availability and increasingly extreme variability in seasonal weather patterns, temperature and rainfall.
Shifting water variability
As described above, primary livelihood production strategies in the Yanamarey valley are highly dependent on water resources, which are provided partly by glacial melt during the dry season. While our instrumental analyses of hydrological shifts in the region are still tentative (See Section 2), our case-study household respondents stated very strongly that they are witnessing substantial shifts in water resources in the watershed. A majority of interviewees indicated that, despite some inter-annual variation, dry season water availability is in an overall state of decline and many 5 Glacier hazards are a critically important factor affecting human vulnerability in the region. This research was not specifically directed towards evaluating the risks that the increasingly unstable and rapidly melting glaciers pose for inhabitants, though they were often discussed with interviewees. Since 1702, more than 22 catastrophic glacial-related disasters have occurred in the region resulting in the deaths of thousands of people and the destruction of entire urban centers including Huaraz. This includes one of the largest glacier-related disasters in recorded history. In 1970, an earthquake precipitated a huge avalanche down the face of Huascaran. The rock and ice buried the town of Yungay and approximately 23,000 people perished (Morales Arnao 1998). See Carey (2007, in press ), Hegglin and Huggel (2008) , Klimeš et al. (2009), Silverio and Jaquet (2003) , and Vilímek et al. (2005) for more extensive discussions of glacier hazards in the region and the political economy of glacial hazards. 6 The confidence interval for this response is ±4.3% (95% level). 7 Respondents often mentioned more than one concern so the cumulative percentage is more than 100. 8 The confidence interval for this response is ±3.66% (95% level). respondents stated that in recent years during the dry season they have experienced water shortages relative to the quantities available in the past.
Historically the glaciers of the region have generally offered human populations a relatively abundant and regular supply of water.
9 Case-study households utilize water resources from several different watersheds based on their vertical location. The Yanamarey watershed supports hundreds of water users, though households below Lake Querococha also access water flowing from the Cotush and Queshque watersheds. Nearly all of the case-study interviewees (93%) noted that over the course of the past decade (ranging from between 3 and 10 years) water supplies have been decreasing in these watersheds during the dry season. 10 In addition, households also reported significant drops in the dry-season levels of nearby lakes (including Querococha) and reduced water flows from many springs towards the final months of the dry season.
While households overwhelmingly indicated that water supplies are declining throughout the Catac region during the dry season, there still appears to be sufficient quantities of water for human consumptive needs (See Table 1 ). Nevertheless, in the Yanamarey watershed and in the town of Catac, interviewees did indicate that access to these water resources is becoming increasingly difficult during the dry season and that many of the smaller streams and seasonal springs have become more intermittent than in the past. Additionally, in the town of Catac, recent urban growth has been placing increasing pressure on the water system that is managed by the municipality. Municipal authorities are seeking to expand the water delivery system, which is likely to put even more pressure on water supplies throughout the region during the dry season.
The reported decline of water resources during the dry season has had the most significant impacts on agricultural and livestock activities. As Table 1 illustrates, a majority of households depend on seasonal irrigation to cultivate agricultural products on small parcels of land. A number of interviewees reported that canal water levels have been dropping steadily over the past few years and it has become increasingly difficult to access enough water to maintain crop production levels. In and around the municipality of Catac, access to irrigation water during the dry season has become an acute problem. Because it is widely recognized that water supplies have been decreasing, the municipality recently instituted a water rationing system that has nearly eliminated most agricultural production during the dry season.
Declining water resources during the dry season have also negatively affected livestock production. In the upper Yanamarey watershed, which is controlled by the Campesino Community, only 15 user groups (monadas) are granted grazing access to the zone per year and grazing activities are monitored by community authorities. Despite community management efforts to curtail overgrazing and pasture degradation, households and community watershed managers indicated that the seasonal 9 Water resources have never been shared equally as control of water resources and water governance haw always been a key source of contention and struggle in the region. Furthermore, water resources are not distributed evenly throughout the region. The Cordillera Negra, for example, which forms the western half of the Callejon de Huaylas drainage has very few sources of water. 10 The confidence interval for this response is ±3.61 (95%) level. In addition to noting significant decreases in the flow of water, 85% of households indicated that overall there was less water, while 13% noted there had been no significant changes and only 2% noted that there are actually more water resources. The confidence interval for this response is ±5.06 (95%).
decline of stream and spring flows have negatively affected pasture health and grass productivity. In addition, because some smaller streams have recently begun to disappear during certain periods of the year, access to sufficient water for livestock now requires more frequent and greater daily vertical movement of animals, which has increased the intensity of herding and negatively affected livestock growth rates. Finally, respondents along the length of the watershed indicated that fish stocks have either declined precipitously or have completely disappeared in many streams. This is possibly due, in part, to seasonal reductions of fish habitat in the upper watershed.
Overall, new stress on water resources from irrigation, livestock production and human consumption are escalating not only within the Catac region, but also along the entire drainage system below the town of Catac. In 2008, the Peruvian National Soil and Water Conservation Agency (PRONOMACH) began to construct new downstream water diversions from Lake Querococha in response to new water rights claims by several downstream communities. Several case study respondents indicated that conflicts within the community and around the region over access to irrigation water have been increasing and that they expect them to become more prevalent as water resources continue to decline. These conflicts are likely to be exacerbated even further by growing urban water demand in Huaraz and other urban centers.
Increasing weather extremes
Recent research demonstrates that climate change is shifting average temperatures upwards throughout the tropical Andes and that these alterations will be enhanced at the highest elevations by the end of this century (Bradley et al. 2004 (Bradley et al. , 2009 Urrutia and Vuille 2009; Vuille and Bradley 2000) . A number of climatic shifts are also taking place across the Amazon Basin, which is the primary source of most of the rainfall in the Cordillera Blanca during non-El Niño years (Avissar and Werth 2005; Betts et al. 2008; Cox et al. 2008) . While this research informs our understanding of these processes at a broad scale of analysis for the region, it is not always useful for evaluating shifts at more local and human scales of analysis. In the Cordillera Blanca, even regional-based research efforts are complicated by the fact that meteorological data for the region are temporally and spatially sporadic and that climatic conditions are highly diverse across the rugged topography of the entire mountain range.
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Even less research has engaged with local populations to evaluate their understanding of the ways in which meteorological transformations might be affecting livelihoods and human capabilities (though see Rhoades et al. 2006) . Because shifts in precipitation and temperature are often very short-term in nature and specific to certain places, human perceptions of these changes are frequently very difficult to deduce from regional models, in situ instrumentation or remotely sensed data. In the Andes, human perception of meteorological events are also dependent on a host of factors such as coincidental co-location, temporal factors such as time of day and season, clothing, shelter, human sensory perception and cultural factors (Orlove et al. 2008; Strauss and Orlove 2003) . Despite these limiting factors, 95% of our case-study respondents responded that significant and often extreme shifts in temperature variation, precipitation patterns and seasonal change have been occurring with greater frequency and intensity across the region.
12 Many of these factors are interacting in complex and nonlinear ways with the more gradual hydrological and ecological changes discussed in previous sections such that they often intensify vulnerability and risk factors for livelihoods and are often the most critical issues for extremely marginal natural resource based livelihoods.
In the Yanamarey area, the largest impacts of increasing climatic extremes are falling upon the most susceptible households that lack adequate shelter and clothing. In the town of Catac, housing structures are often built with cement floors, tin or tile roofs, single pane windows and cement or adobe walls. In rural areas, structures more frequently have earthen floors, adobe or natural rock walls and either tin or grass roofing. Internal heating is virtually nonexistent throughout the region and households often cook with firewood or manure. Clothing often consists of handspun woolen ponchos and footwear may be little more than sandals fashioned from recycled tires (llanquis). Interviewees in both areas repeatedly noted that cold spells and freezes have increased in frequency at night which is leading to an increase in respiratory illnesses, particularly during the rainy season. As several interviewees noted, freezes are now accompanied by "cold until the bones hurt" (YS27 2008, Household interview, Yanamaray. 5 August 2008) and intense storms now descend upon the community that bring with them "gusts that are not in their season, that are strong blows to the health, and that come with sickness" (YS29 2008, Household interview, Yanamaray. 31 July 2008). Many households also noted that colder temperatures in the pre-dawn hours increasingly limit their ability to herd livestock long distances as the extreme cold prevents them from leaving their shelters until after sunrise.
Weather extremes are also significantly affecting agricultural production in the community. Respondents indicated that periods of intense heat and sunlight are drying out the grasslands and crops. These events are often punctuated by intense convective precipitation events, powerful winds and hail that damage crops. Interviewees also indicated that the frequency and intensity of low temperature frosts have increased during both the rainy and dry seasons, which regularly damages crops as well. Of the households that reported some form of agricultural activity, 91% reported that recent freezes have affected their crops, which include wheat, corn and potatoes. Households also indicated that rainfall patterns have shifted significantly and that it is raining more frequently during the dry season and less consistently during the traditional rainy season. Interviewees stated that these precipitation shifts have confused the traditional agricultural calendar and that they are increasingly uncertain when to plant or harvest their crops. These shifting seasonal patterns have also come with great risk to household food security as interviewees reported a higher frequency of failed or damaged crops in recent years relative to the past.
Livestock production has also been affected both directly and indirectly by increasing weather extremes, which was widely noted by households. Respondents indicated that increases in frost events have weakened livestock and increased the frequency and severity of animal disease. Households also noted that the grasses in grazing areas are increasingly stunted in growth or prematurely dry, changes which were attributed to less regularity in rainfall patterns, more frequent and severe frosts, more intense solar radiation, as well as increasing grazing pressure in some areas. Respondents reported that a lack of high quality fodder was contributing to low weight gain in their livestock and to increasing susceptibility to disease. Finally, households also noted that new animal diseases have appeared in the region. While this research was not able to confidently evaluate the relationship between animal diseases and shifting climatic variables, a wide variety of animal diseases were inventoried which include anthrax, liver flukes and other parasites, respiratory diseases, insect infestations, and a variety of infections.
Threats to tourism
Glacier recession also poses serious threats to tourism activities in the region as the Cordillera Blanca is a well known global tourist destination for climbers, backpackers and other outdoor adventurers. Several locations are also visited frequently by Peruvian tourists from Lima as part of school trips and during holiday periods. Tourist destinations in Catac are concentrated in a few locations that include Lake Querococha, which is on the route to the pre-Incan archaeological site of Chavin, and the Pastoruri glacier. Pastoruri is one of the most accessible glaciers in the entire range and hosts a number of rare endemic plant species such as the Puya raimondii. Tourism visits to the region have increased significantly over the past decade. Between 1997 and 2006, tourist visits to the highlands of the Department of Ancash increased 57%. In 2006, Pastoruri was the second most visited location in Huascaran National Park and, according to park records, 42,404 people visited the area (INEI 2006) . These flows of tourists are critical sources of income for residents in the Catac region. As Table 2 indicates, 25% of surveyed households are engaged in some form of tourism-based activity, which includes the production of arts and crafts, animal rentals, guide services and food and refreshment preparation at both tourist sites and along the main thoroughfare of town, where busloads of tourists often stop to dine.
Over the course of the past few years, households have been affected by a number of climate-change induced shocks to tourism. In late 2007, the Pastoruri glacier became the first tourism destination in Peru to be closed due to "adverse climatic conditions" The glaciological office in Huaraz announced that the glacier was rapidly disappearing due both to the impacts of too many people degrading its surface and climate change (INRENA 2008) . The closure of the glacier had profound negative consequences for the residents of Catac which resulted in a number of heated conflicts, protests and road blockades by the Campesino Community. After tense and protracted negotiations, the creation of new visitor guidelines, the prohibition of any further glacier crossings and the rerouting of a trail to the base of the glacier, the area was re-opened to tourists. However, the glaciological office estimates that these measures are only temporary as the glacier will still disappear by 2015 as a result of rapidly increasing temperatures (Flores 2008) . Tourism throughout the range is similarly threatened by glacier recession, particularly because many of the popular climbing routes are becoming more dangerous as icefalls and avalanches are increasing in frequency. Overall, aside from the occasional sales of animals, tourism is one of the most important sources of cash income for many of the case-study households. As such it represents a particularly important livelihood activity as households have few opportunities to generate critically important financial resources to purchase durable goods, housing materials, clothing and other vital materials. Consequently, the threats that glacier recession pose to tourism, and the manner in which they might be managed, have intensified conflicts between conservationists, park managers and community members seeking different solutions and are likely to be a source of continuous contention in the future.
Conclusions
As the previous sections suggest, recent glacier recession and shifts in climate in the Cordillera Blanca have been increasing the vulnerability of household livelihoods in the Yanamarey watershed through threats to tourism related activities, the occurrence of extreme weather events and increasingly variable access to water resources. While these particular vectors are most salient for households and communities in the watershed, further comparative research will enable a more comprehensive evaluation of how households situated across different elevation gradients and production networks along the entire mountain range are being affected. However, these are not the only factors driving social and environmental change. Consequently, they must also be understood to be historically contingent on and mutually constitutive with broader social and environmental processes. This includes the historical legacy of exploitation and inequality that has fostered the very high extreme poverty rates for the region, new economic growth in the mining and tourism sector and the presence of a host of other actors throughout the country and downstream that are also being affected by these changes, which include very powerful urban, hydroelectric and export-led agricultural interests. In addition, as debates over the current and future distribution and management of these water resources begin to intensify, the potential for conflicts between these actors will also increase significantly. Finally, while this research focuses on new forms of household livelihood vulnerability in the Cordillera Blanca, we have not yet evaluated the potential capabilities of households to adapt to these changes or how household activities might already be changing. This is particularly important for future development efforts that might support adaptation and capacity building activities in the region and something that we will address in future work.
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Our case study also provides an important example of the scale-dependent complexity of climate-environmental impacts on tropical glacier-hydrology that is both a problem and opportunity for integrated research. Detailed glacier-specific Andean research has shown that while temperature may correlate regionally with overall glacier recession, the tropical glacier surface energy budget is not predominantly responsive to sensible heat (Vuille et al. 2008b ). Other variables like humidity and precipitation play critical roles in moderating the local radiation balance that dominates mass balance. Likewise, while the mass changes to the Yanamarey glacier have shown sensitivity to climate consistent with "enhanced greenhouse" forcing 13 During the summer of 2009 the authors participated in a multi-disciplinary conference with researchers, policy makers and civil society organizations focused on human adaptation to glacier recession in the region. This event, "Adapting to a World without Glaciers" received support from a variety of organizations including the The Mountain Institute, the National Science Foundation, USAID and several Peruvian institutions (Recharte et al. 2009 ). A number of research goals and a larger USAID funded project have emerged from these activities. related to anthropogenic warming, our dataset does not have long enough continuous records to permit meaningful trend analyses or explore other relationships with precipitation. For example, an earlier analysis has shown a positive correlation between annual temperature and precipitation anomalies at YAN (Mark 2006) . Mean monthly temperature traces a statistically significant decreasing trend over the past 5 years while glacier recession has reached maximum rates, yet this record is too short to include ENSO events that have been demonstrated to impact glacier mass balance and precipitation inconsistently in this region (Francou et al. 1995; Vuille et al. 2008a ). In addition, currently measurements do not have adequate resolution to document the relative magnitude of the specific extreme weather events that are reported to impact livelihoods, which is also one of the major limitations of most climate change modeling efforts and why coupled analyses of human-environment dynamics that include spatially distributed social analyses as well as hydroclimatic measurements and monitoring are critically important for future policy and scientific research. We recently designed new methodological tools to begin to address these monitoring and measurement concerns as they constitute a key bridging factor for human-relevant climate modeling change research in the future.
